The objective of this study was to estimate, through mathematical models, energy and protein requirements for maintenance and gain of hair sheep raised in the tropical region of Brazil. To determine the equation parameters, a meta-analysis of seven independent experiments of nutrient requirements was performed, comprising a total of 243 experimental units (animals), which were conducted under tropical conditions, using hair sheep in growing and finishing phases and endowed of the following quantitative data for each animal: body weight (BW), empty body weight (EBW), average daily gain (ADG), empty body gain (EBG), heat production (HP), metabolizable energy intake (MEI), retained energy (RE), metabolizable protein intake (MPI) and body protein content. The regression equations generated were as follows: for Net Energy for main tenance, . Considering an ADG of 100 g, the NP g requirement ranged from 12.4 to 10.5 g/day for animals with BW ranging from 10 to 40 kg respectively. The total metabolizable energy and protein requirements were lower than those reported by the NRC and AFRC systems. Thus, our results support the hypothesis that nutrient requirements of hair sheep raised in tropical regions differ from wool sheep raised in temperate regions. Therefore, the use of the equations designed in this study is recommended.
| INTRODUCTION
The hair sheep is important in many production systems in developing countries. Its economic importance, which varies between regions, is the ability to convert forage or agro-industrial by-products into meat, fibre, skin and milk (Gutierrez-A, 1986) . Despite its importance, information on nutrient requirements of these animals is still scarce. For this reason, we conducted a meta-analysis of the raw data from studies conducted in Brazil, which used the genotypes, Santa Ines, Morada Nova and Brazilian Somalis, to improve estimates of the nutrient requirements of hair sheep raised in the tropics, and to serve as a basis for future studies. In addition, these data are important to compose a larger database and thus to contribute to nutrition studies on small ruminants.
At present, the recommendations of the United States' National Research Council (NRC, 2007) are used in Brazil to formulate diets.
However, the equations proposed by the NRC (2007) were primarily developed from wool sheep raised in temperate climate regions. Salah, Sauvant, and Archimède (2014) performed a meta-analysis of 590 publications to estimate energy and protein requirements of sheep, goats and growing cattle raised in areas of tropical climate and concluded that energy and protein requirements of ruminants raised in tropics are greater when compared to international systems like NRC, ARC, INRA and AFRC. One of the reasons to justify this difference is that, under conditions of high temperatures, the energy required to dissipate body heat significantly increases (CSIRO, 2007) .
The changes in energy requirements for maintenance and dry matter intake are the primary effects of the interaction between an animal and its environment, while the effects on energy requirements for production is a secondary effect (Fox & Tylutki, 1998) . According to NRC (2007) , the effects of extreme cold or heat conditions on metabolizable protein requirements are not well understood. Tropical genotypes were not selected for muscle deposition, thereby depositing more fat than temperate genotypes and therefore, the energy cost per kg of gain might be greater (Early, Mahgoub, & Lu, 2001 ).
Therefore, we understand that nutrient requirements of hair sheep raised in the tropics differ from those of wool sheep raised in temperate regions. Thus, there is a critical need to assess the energy and protein requirements of these animals for production under tropical conditions worldwide.
Independent studies of nutrient requirements of hair sheep have primarily been performed in tropical regions. However, there are, in general, significant differences among studies (Azevêdo, Valadares Filho, Pina, Chizzotti, & Valadares, 2010) , resulting in inconclusive results. Thus, only through meta-analysis, it is possible to control the various effects observed across studies and to develop equations for prediction of general requirements of these animals.
Therefore, the objective of this study was to estimate energy and protein requirements for maintenance and gain of hair sheep raised in the tropical region of Brazil from a meta-analysis of studies conducted with hair sheep until the present moment. We hypothesize that nutrient requirements of hair sheep raised in tropics differ from those recommended by traditional committees on nutrient requirements for sheep (AFRC, 1993; NRC, 2007) .
| MATERIALS AND METHODS
The approval of the ethics committee on animal use was not necessary in this study because the data were collected from previously published sources.
| Inclusion criteria for studies
Only studies containing information on individual animals, animals fed at maintenance levels and animals fed at least two levels above maintenance were included. Furthermore, only experiments conducted with hair sheep raised in the tropical region of Brazil that contained the following quantitative data on each animal were included: body weight (BW), empty body weight (EBW), average daily gain (ADG), empty body gain (EBG), heat production (HP), metabolizable energy intake (MEI), retained energy (RE), metabolizable protein intake (MPI) and body protein content (BPC).
The database was compiled from the results of seven studies, comprising a total of 243 animals and 28 treatments (Table 1) . Currently, there are few studies of nutrient requirements of hair sheep available, and the raw data are often inaccessible. Therefore, this study has used raw data of only seven studies. The results from Nascimento Júnior (2010) were not included in the calculations of energy and protein requirements for maintenance because of lack of information on MEI and MPI. A descriptive analysis of the variables used in the metaanalysis is given in Table 2 . The statistical significances of the effects of sex, genotype and feeding system could not be assessed because of the insufficient number of replicates and therefore must be accessed in a future study.
| Variable estimates
The EBW and body composition of the reference animals, slaughtered at the beginning of the experiments, were used to estimate the EBW and initial body composition of the remaining animals, slaughtered at the end of the experiments, within each study. The body energy con- NRC, 2000) and that 82% of the digestible energy corresponds to the metabolizable energy (Cannas, Tedeschi, Fox, Pell, & Van Soest, 2004 The treatments consisted of different levels of ME in the diet, dietary restriction levels, supplementation levels and grazing time.
was estimated based on the difference between daily MEI (MJ) and daily RE (MJ).
The EBW (kg) and EBG (kg/day) were estimated according to linear The efficiency of use of metabolizable energy for maintenance (k m ), in turn, was obtained from the ratio between NE m and ME m requirements, as proposed by Garrett (1980) . Only performance animals were included in this model.
The MPI was obtained from the sum of truly digestible microbial CP (TDMCP), and the digestible rumen undegradable protein intake (DRUPI; Equation 6). The TDMCP was obtained from the product between the total digestible nutrients intake (TDNI) and the efficiency of microbial synthesis of 76.2 g of microbial CP per kg TDNI. This value was obtained from the mean value of the control treatments evaluated in studies of sheep and goat raised in tropical regions (Argôlo et al., 2010; Carvalho et al., 2010; Fonseca et al., 2006; Pereira, 2013) .
TDMCP was obtained by multiplying CPmic by 0.64, assuming that
CPmic is constituted of 80% of amino acids and has intestinal digestibility of 80% (NRC, 2000) . The DRUPI was calculated subtracting the ruminal degradable protein (RDP; assuming that 90% of the RDP corresponds to microbial CP and the other 10% correspond to losses by ammonia) of total crude protein intake, and multiplying the result by , metabolic empty body weight; ADG, average daily gain; EBG, empty body gain; MEI, metabolizable energy intake; RE, retained energy; HP, heat production; MPI, metabolizable protein intake; PBC, protein body content; DMI, intake dry matter.
T A B L E 2 Descriptive statistics of the variables used in the meta-analysis 0.80, which is the fixed value of digestibility of RUP in the small intestine (NRC, 2000):
where MPI = metabolizable protein intake (g/day); TDNI = total digestible nutrients intake (kg/day); CPI = crude protein intake (g/day); CPmic = microbial crude protein (g/day). 
| Statistical analysis
The meta-analysis was performed as suggested by St-Pierre (2001) . A random coefficients model was adopted, considering the study as a random effect, and including the possibility of covariance between the slope and the intercept. Three types of variance-covariance structures were tested: variance components (VC), unstructured (UN), and heterogeneous autoregressive (ARH (1)). The Akaike information criteria (AIC) of these variance-covariance structures were assessed to define the best model.
The covariance parameter was considered to be non-zero when the p-value was less than .10. The outliers were removed when the studentized residuals were greater than 2 or less than −2. Significance levels of .05 and .20 were imposed for fixed and random effects respectively. All statistical procedures were performed using the PROC MIXED procedure of the statistical analysis software SAS version 9.2 (SAS Inst. Inc., Cary, NC).
The general statistical model employed for data analysis was (Equation 9):
where Y ij = dependent variable Y observed at level j of the independent variable X in study i; β 0 = overall intercept for all study data (fixed effect); β 1 = overall regression coefficient of Y on X for all study data (fixed effect); X ij = observed value j of the independent variable X in study i; s i = random effect of study i on intercept β 0 ; b i = random effect of study i on the regression coefficient β 1 in study i; e ij = unexplained random residual error.
| RESULTS

| EBW and EBG
Regression Equations 1 and 2 (Table 3) were developed to estimate the EBW and EBG from BW and ADG respectively. These variables are essential to assess nutrient requirements of animals. 
T A B L E 3 Equations developed from the meta-analysis to estimate the nutrient requirements of hair sheep raised in tropical regions
| Energy requirements
The NE m requirement, calculated from Equation 3 (Table 3) , with an efficiency of use of ME m of 0.63.
Considering an ADG of 100 g, the NE g requirement, calculated from Equation 4 (Table 3) , ranged from 0.496 to 1.701 MJ/day for animals with BW ranging from 10 to 40 kg respectively (Table 4) . The k g , estimated from Equation 5 (Table 3) , was 0.36. The ratio between the NE g and k g provides an estimate of the requirement of metabolizable energy for gain (ME g ; Table 4 ). Total nutrient requirements were calculated using the factorial method, as used in the majority of international systems. The analysis revealed that total metabolizable energy (TEM) requirement, expressed as MJ/day, increases with increases in animal BW and ADG (Table 4 ).
| Protein requirements
The MP m requirement, calculated from Equation 6 ( . Considering an ADG of 100 g, the NP g requirement, calculated from Equation 7 (Table 3) , ranged from 12.4
to 10.5 g/day for animals with BW ranging from 10 to 40 kg respectively. The TMP requirement, expressed in g/day, increased with increases in BW and ADG of animals (Table 4) .
| DISCUSSION
| Energy requirements
The NE m includes the energy required for muscle activity, tissue turnover and involuntary metabolic processes (NRC, 1985) . ); ME g , metabolizable energy for gain (ME g = NE g /0.3628); TME, total metabolizable energy (TME = ME m + ME by low rainfall (less than 800 mm/year) and high temperatures with little variability during the year (average annual temperature above 27°C; Pereira, 2005) . Starling, Silva, Negrão, Maia, and Bueno (2005) observed a significant and negative correlation between environmental temperature and thyroid hormone secretion (the secretion of thyroxine-T 3 and triiodothyronine-T 4 decreased with an increase in environmental temperature) in a study of Corriedale sheep (wool sheep). Thyroid hormones have a strong effect on metabolism, and their increased secretion causes the metabolic rate to increase, while reductions in secretion levels are associated with a decrease in metabolic rate (Guyton, 1996) . Thus, reductions in the metabolic rates of tissues occur when the effective environmental temperature exceeds the upper critical temperature of the thermoneutral zone (i.e., heat stress) because of the reduced secretion of T 3 and T 4 hormones, resulting in decreased energy required for maintenance. Furthermore, according to the NRC (2000), productivity is compromised in environments with higher temperatures because feed intake is reduced and voluntary feed intake is, in general, positively correlated with fasting heat production (Chilliard & Bocquier, 2000) . Thus, we may conclude that the energy requirement for maintenance is reduced in environments with higher temperatures, which explains the lower NE m requirement observed in this study when compared to NRC (2007) and AFRC (1993) . Acclimatization, which consists of adaptive changes in response to climate change, including behavioural and physiological changes, could also justify this change in NE m demand.
It is noteworthy that the animals differ greatly in their behavioural
and physiological responses to adapt to a specific environment. In this context, differences among genotypes are particularly evident (NRC 2000) . Using an approach of ME m requirement at the full BW base, Salah et al. (2014) reported that small tropical ruminants have The rate and composition of gain, and nutrient use efficiencies must be known to determine the requirements for gain (NRC, 2007) .
In our study, NE g requirement varied with BW and ADG ( Galvani et al. (2008) have used the logarithm of the ER in function of the logarithm of EBW. The differences between genotypes regarding NE g requirement mainly resulted from differences in mature weights and fat distributions (Chizzotti, Tedeschi, & Valadares Filho, 2008) . Furthermore, the factors that affect k g might also affect NE g requirements (Garrett, 1980) . Therefore, these differences may also be due to differences in gain composition. The k g value calculated in our study (0.36) was similar to that (0.38) reported by Gonzaga Neto et al. (2005) . However, Galvani et al. (2008) proposed a k g value of 0.47, which explains the lower NE g requirement reported by these authors. The gain composition might be a key factor in determining k g , once the efficiency of use of ME for protein deposition ranges from 10% to 40%, while the efficiency of use of ME for fat deposition ranges from 60% to 80% (Garrett, 1980) .
The TME requirements obtained in our study were lower than the values reported by AFRC (1993) and NRC (2007) . For instance, considering an animal with 20 kg of BW and ADG of 100 g, the TME requirement obtained in our study was 5.6 MJ/day (Table 4) , while the AFRC (1993) and NRC (2007) systems reported values of 6.7 and 6.3
respectively. That would represent a reduction of 16.4% and 11.1%, respectively, on TME for hair sheep raised in tropics when compared to wool sheep raised in temperate climate regions.
| Protein requirements
The method used to assess the MP m in this study is based on animal growth instead of nitrogen balance (NRC, 2000) . The most appropriate calculation uses MPI instead of the crude protein intake (CPI), because the CPI may generate estimation errors by failing to consider the biological value of crude protein or microbial protein synthesis (Marcondes et al., 2010) , and metabolizable protein includes truly digestible amino acids absorbed in small intestine (AFRC, 1993 reported an NP g value of 22.02 g/day for an animal with a 20 kg of BW and ADG of 100 g, while in our study, the value was of 11.35 g/day.
This difference is mainly explained by the difference in mature weights of the animals. The animals studied by those authors were Morada Nova, a genotype considered as late-maturing. Early-maturing genotypes are expected to have lower net protein requirement than latematuring genotypes (Geay, 1984) . Galvani et al. (2009) and Rodrigues et al. (2016) reported values similar to those determined in this study of 11.30 and 9.9 g/day, respectively, for the same animal type.
